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The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants has signifi-
cantly reduced the efficacy of some approved vaccines. A fourth dose of NVX-CoV2373 (5 lg SARS-
CoV-2 recombinant spike [rS] protein + 50 lg Matrix-MTM adjuvant; Novavax, Gaithersburg, MD) was
evaluated to determine induction of cross-reactive antibodies to variants of concern. A phase II random-
ized study (NCT04368988) recruited participants in Australia and the United States to assess a primary
series of NVX-CoV2373 followed by two booster doses (third and fourth doses at 6-month intervals) in
adults 18–84 years of age. The primary series was administered when the SARS-CoV-2 ancestral strain
was prevalent and the third and fourth doses while the Alpha and Delta variants were prevalent in
AUS and US. Local/systemic reactogenicity was assessed the day of vaccination and for 6 days thereafter.
Unsolicited adverse events (AEs) were reported. Immunogenicity was measured before, and 14 days after,
fourth dose administration, using anti-spike serum immunoglobulin G (IgG) and neutralization assays
against ancestral SARS-CoV-2 strain and Omicron sublineages. Among 1283 enrolled participants, 258
were randomized to receive the two-dose primary series, of whom 104 received a third dose, and 45
received a fourth dose of NVX-CoV2373. The incidence of local/systemic reactogenicity events increased
after the first three doses of NVX-CoV2373 and leveled off after dose 4. Unsolicited AEs were reported in 9
% of participants after dose 4 (none of which were severe or serious). Anti-rS IgG levels and neutralization
antibody titers increased following booster doses to a level approximately four-fold higher than that
observed after the primary series, with a progressively narrowed gap in response between the ancestral
strain and Omicron BA.5. A fourth dose of NVX-CoV2373 enhanced immunogenicity for ancestral and
variant SARS-CoV-2 strains without increasing reactogenicity, indicating that updates to the vaccine com-
position may not be currently warranted.
� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The emergence and rapid propagation of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) variants, in particular
the Omicron sublineages, which have mutations that increase viral
transmissibility and enhance the viruses’ ability to evade vaccine
immunity [1,2], can significantly reduce the efficacy of approved
vaccines. The U.S. Food and Drug Administration (FDA) has recom-
mended the development of variant-specific vaccines for the
2022–2023 winter [3], although some have countered that any
additional protection provided by the Omicron-specific vaccines
may be minimal [4,5].

The degree towhich immunity induced by SARS-CoV-2 ancestral
strain-based vaccines is effective against the Omicron sublineages
depends, partly, on the extent that the vaccine is able to induce
broadly cross-reactive antibodies. The NVX-CoV2373 vaccine may
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be able to preferentially induce these antibodies because of its com-
position. The vaccine consists of full-length, pre-fusion recombi-
nant spike (S) protein trimers with epitopes conserved across
variants. In addition, the vaccine is co-formulated with a saponin-
based Matrix-MTM adjuvant (Novavax, Gaithersburg, MD). Similar
saponin-based adjuvants have demonstrated the ability to enhance
antibody avidity, affinity maturation, and epitope spreading, which
may drive recognition of conserved, more immunologically cryptic
but broadly neutralizing epitopes [6]. For example, the ISCOMA-
TRIX adjuvant promotes epitope spreading and antibody affinity
maturation of a pandemic influenza A (H7N9) virus-like particle
vaccine which correlates with virus neutralization in humans [6].
In the context of seasonal influenza, a hemagglutinin (HA) nanopar-
ticle Matrix-M�adjuvanted vaccine was shown to induce poly-
clonal antibodies in humans that mimic broadly neutralizing
monoclonal antibodies that recognize two conserved regions of
the head domain, namely the receptor binding site and the vestigial
esterase subdomain. The findings raised the potential for an adju-
vanted HA subunit vaccine to induce broadly protective immunity
[7]. Clinical and ferret studies using a recombinant full-length HA
in a nanoparticle with Matrix-M adjuvant, confirmed that the
H3N2 component of the vaccine-induced broadly cross-reacting
antibodies against the past, current, and forward-drifted H3N2
strains covering multiple years [8,9]. Humans are universally
primed to influenza, and as this is gradually also becoming the case
for SARS-CoV-2, we speculated that repetitive boosting with an
ancestral recombinant spike (rS) nanoparticle vaccine with
Matrix-M adjuvant, might similarly induce broadly neutralizing
antibodies that recognize the drift variants.

In two phase III, randomized, placebo-controlled clinical trials
of healthy adult participants who received two doses of NVX-
CoV2373, vaccine efficacy of 89.7 % (95 % confidence interval
[CI]: 80.2 to 94.6) and 90.4 % (95 % CI: 82.9 to 94.6) was established
in the United Kingdom (N = 15,139) and the United States and
Mexico (N = 29,582), respectively [10,11]; however, it should be
noted that these studies were conducted prior to the emergence
of the Omicron variant. Recently, however, as waning immunity
both over time and with the emergence of SARS-CoV-2 variants
has been noted with authorized and approved coronavirus disease
2019 (COVID-19) vaccines, the safety and immunogenicity of boos-
ter doses of NVX-CoV2373 were evaluated.

As part of an ongoing phase II, randomized, placebo-controlled
clinical trial of NVX-CoV2373 conducted in Australia and the Uni-
ted States, two doses of NVX-CoV2373 were administered 21 days
apart [12], followed initially by a single booster dose after approx-
imately 6 months [13]. Administration of a single booster dose
resulted in an incremental increase in the frequency of reacto-
genicity events along with significantly enhanced immunogenicity,
including an approximate 33.7-fold increase from pre-booster
levels in anti-S serum immunoglobulin G (IgG) against the ances-
tral SARS-CoV-2 strain. In a comparison with SARS-CoV-2 variants,
markedly higher anti-rS IgG activity, neutralization titers, and
hACE2 receptor inhibition were noted against several variants,
including Omicron BA.1 and BA.2 sublineages [13]. In a continua-
tion of this study, a second booster dose of NVX-CoV2373 was
administered after another 6 months. The safety and immuno-
genicity after the fourth dose of NVX-CoV2373 are reported herein.
2. Materials and methods

2.1. Study design

As part of an ongoing phase II, randomized, observer-blinded,
placebo-controlled study of NVX-CoV2373 (methods previously
reported [13]), a subset of healthy adult participants received a
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two-dose primary series followed by third and fourth doses of
NVX-CoV2373 (Novavax, Inc.) administered at 6-month intervals.
All active booster vaccinations were administered at the same dose
level as the primary vaccination series (0.5 ml containing 5 lg
SARS-CoV-2 rS with 50 lg Matrix-M adjuvant; lot numbers PAR
28003 and PAR 28004) via intramuscular injection with a 23- or
25-gauge needle in the deltoid muscle. Only participants who
received four doses of NVX-CoV2373 are included in this analysis.
2.2. Safety assessments

Participants utilized an electronic diary to record solicited local
and systemic reactogenicity on the day of vaccination and for an
additional 6 days thereafter. Unsolicited adverse events (AEs) were
reported through 28 days after vaccination. Serious AEs (SAEs),
medically attended AEs (MAAEs) attributed to vaccine, and AEs
of special interest were reported through the end of the study [14].
2.3. Immunogenicity assessments

Blood samples for immunogenicity analysis were collected prior
to each vaccination and after each vaccination on days 0, 35, 189,
217, 357, and 371. Immune response was assessed for ancestral,
BA.1, and BA.4/5 variants, as previously described, before and after
each dose of NVX-CoV2373 via serum neutralizing antibodies
using validated pseudovirus neutralization assays [15]; via a vali-
dated anti-rS IgG assay (assessing ancestral, BA.1, and BA.5) [16];
and via a validated SARS-CoV-2 hACE2 receptor binding inhibition
assay (with ancestral strain SARS-CoV-2 spike protein as the assay
substrate) [13].

Only participants who were SARS-CoV-2 negative prior to NVX-
CoV2373 administration, who received all vaccine doses per-
protocol, who did not have a positive anti-nucleocapsid protein
result on or after day 371, and who had no significant protocol
deviations that impacted immunogenicity response at the corre-
sponding study visit (e.g., receipt of vaccine for COVID-19 or other
prohibited medication, receipt of incorrect treatment) were
included in the analysis. For this analysis, unblinding was not con-
sidered a protocol deviation that impacted immune response.

The trial protocol was approved by the Alfred Hospital Ethics
Committee (Melbourne, Victoria, Australia) and Advarra Central
Institutional Review Board (Columbia, Maryland, USA) and is regis-
teredonClinicaltrials.gov (NCT04368988). This studywasperformed
in accordance with the International Council for Harmonisation,
Good Clinical Practice guidelines. Safety oversight for the study was
provided by an independent safety monitoring committee.
3. Results

3.1. Participants

Of 1610 participants screened from 24 August 2020 to 25
September 2020, 1288 were randomly selected and 1283 received
at least one dose of study vaccine. Of the 258 participants who
were randomly assigned to receive two doses of NVX-CoV2373
(5 lg SARS-CoV-2 rS + 50 lg Matrix-M), 207 received both doses
and were then re-randomized to receive a dose of placebo
(n = 102) or a third dose of NVX-CoV2373 (n = 105) after 6 months.
Of the participants who received three doses of NVX-CoV2373 and
chose to continue in the study, 45 received a fourth dose of NVX-
CoV2373 6 months after the third dose (Fig. 1). A subset of partic-
ipants who received four doses and who met the immunogenicity
analysis criteria (n = 34) were included in the immunogenicity
analysis.

http://Clinicaltrials.gov


Fig. 1. CONSORT Diagram. White boxes demonstrate the flow of participants included in this analysis, including those who received one, two, three, or four doses of 5 lg
SARS-CoV-2 rS + 50 lg Matrix-MTM (Novavax, Gaithersburg, MD) adjuvant (5/50) on day 0, day 21, day 189, and day 357, respectively. Gray boxes include participant groups
not covered in this analysis. 0/0: 0 lg SARS-CoV-2 rS + 0 lg Matrix-M adjuvant; 5/50: 5 lg SARS-CoV-2 rS + 50 lg Matrix-M adjuvant; 25/50: 25 lg SARS-CoV-2 rS + 50 lg
Matrix-M adjuvant.

K. Alves, J.S. Plested, S. Galbiati et al. Vaccine 41 (2023) 4280–4286
The demographic characteristics of participants were similar
when compared by number of doses received (Table 1). For the
fourth dose, the mean age of 55 years was slightly higher than
the mean age of 52 years after the primary series and after dose
3. This is reflected in the age group distribution, where 56%
were � 60 to � 84 years of age compared with 46 % for the primary
series and dose 3. Most participants were White (89 %) with a neg-
ative baseline SARS-CoV-2 serostatus (98%).

3.2. Safety

3.2.1. Reactogenicity
Reporting of solicited local and systemic reactogenicity events

of any grade generally increased after each of the first three doses
of NVX-CoV2373 and leveled off or decreased after the fourth dose
4282
(Fig. 2). Grade 3 or higher (grade 3+) reactogenicity events gener-
ally followed a similar pattern. Following the fourth dose, 73 %
(n = 30) of participants reported any solicited local reactions (ten-
derness, pain, swelling, erythema) of any grade and 19 % (n = 8)
reported for grade 3+ events compared with 83 % (n = 80) for any
grade and 13 % (n = 13) for grade 3+, following the third dose. Only
erythema was reported more frequently after the fourth dose, with
20 % (n = 8) for any grade and 15 % (n = 6) for grade 3+ compared
with 10 % (n = 10) for any grade and 1 % (n = 1) for grade 3+ after
the third dose. Following the fourth dose, local reactions were
short-lived (median duration: pain, 2 days; tenderness and ery-
thema, 3 days; swelling, 4 days).

Solicited systemic reactions showed a similar pattern with
reporting rates for any event (fatigue, headache, muscle pain,
malaise, joint pain, nausea/vomiting, and fever) of 68 % (n = 28)



Table 1
Demographics characteristics for participants who received up to four doses of NVX-
CoV2373 (safety analysis seta).

n (%)

Parameter Primary
series
(Doses 1
&2)
n = 258

Dose 3
n = 105

Dose 4
n = 45

Age – years, mean (SD) 51.3 (17.5) 51.7
(17.1)

55.3
(15.4)

18–59, No. (%) 140 (54) 57 (54) 20 (44)
60–84, No. (%) 118 (46) 48 (46) 25 (56)

Sex, No. (%)
Male 119 (46) 58 (55) 18 (40)
Female 139 (54) 47 (45) 27 (60)

Race or ethnic group, No. (%)
White 226 (87) 93 (89) 40 (89)
Black or African American 7 (3) 3 (3) 2 (4)
Asian 18 (7) 7 (7) 3 (7)
American Indian or Alaska Native 2 (1) 1 (1) 0
Multiracial 3 (1) 1 (1) 0
Not reported/missing 3 (1) 0 0
Hispanic or Latino 6 (2) 1 (1) 0

Body mass index, kg/m2, mean
(SD)

27.10 (4.12) 27.43
(4.04)

28.37
(4.47)

Baseline SARS-CoV-2 seropositive,
No. (%)

5 (2) 3 (3) 1 (2)

Country of participants, No. (%)
Australia 134 (52) 57 (54) 23 (51)
United States 124 (48) 48 (46) 22 (49)

SD, standard deviation.
a Participants in the safety analysis set are counted according to the treatment

received to accommodate for treatment errors.

Fig. 2. Solicited (A) local and (B) systemic reactogenicity events for participants
who received NVX-CoV2373, by dose number and severity.
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for any grade (17 % [n = 7] grade 3+) after the fourth dose compared
with 77 % (n = 75) for any grade (15 % [n = 15] grade 3+) after the
third dose. Notably, the incidence of fever remained low after the
fourth dose at 10 % with no grade 3+ events reported. Following
the fourth dose, solicited systemic reactions were also transient
in nature (median duration: fever and headache, 1 day; fatigue,
malaise, joint pain, nausea/vomiting, and muscle pain, 2 days).

3.2.2. Unsolicited AEs
After the fourth dose, unsolicited treatment-emergent AEs

(TEAEs) occurred in 4/45 participants (9 %), none of which were
severe or serious (Table 2). The most common unsolicited TEAEs
were injection site pain, injection site erythema, injection site pru-
ritus, and pruritus, all of which occurred in one participant each.
There were no SAEs, MAAEs, or potentially immune-mediated
medical conditions (PIMMCs) after the fourth dose.

3.2.3. Immunogenicity
After an initial decline following primary vaccination, a third

dose of NVX-CoV2373 increased anti-rS IgG levels for the ancestral
strain to a level approximately four-fold higher than that observed
after the primary series (Fig. 3a). Compared with the decline after
the primary series, a more gradual decrease in levels occurred after
the third dose, with anti-rS IgG levels increasing again after the
fourth dose to levels similar to those seen after the third dose.
The immune response to Omicron BA.1 and BA.5 demonstrated a
similar pattern, with a progressive narrowing of the gap between
the magnitude of response to the ancestral strain compared with
the Omicron variants as the number of doses increased (Fig. 3a).

Neutralization titers followed a similar pattern to anti-rS IgG
levels. A third dose of NVX-CoV2373 increased SARS-CoV-2 neu-
tralization titers for the ancestral strain to a level approximately
4.7-fold higher than that observed after the primary series, and
titers after the fourth dose were similar to those seen after the
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third dose (Fig. 3b). The immune response to Omicron BA.1 and
BA.4/BA.5 variants demonstrated a similar pattern in neutraliza-
tion titers.

A validated functional hACE2 receptor binding inhibition assay
was used to compare hACE2 binding inhibition titers after each
dose of NVX-CoV2373 (Fig. 4). Serum hACE2 inhibition titers
increased 13.4-fold from baseline after the primary series (day
35). From just before the third dose to day 217, hACE2 inhibition
titers increased 43.8-fold. At day 371, inhibition titers increased
34.2-fold over day 189.

4. Discussion

In this report, we describe the first available safety and
immunogenicity data after a fourth dose of NVX-CoV2373, which



Table 2
Overall summary of unsolicited TEAEs for participants who received up to four doses of NVX-CoV2373 (safety analysis seta).

No. (%)

Parameter Dose 1
n = 258

Dose 2
n = 255

Dose 3
n = 105

Dose 4
n = 45

Any unsolicited TEAE 31 (12) 76 (30) 14 (13) 4 (9)
Treatment-related 0 6 (2) 4 (4) 4 (9)
Severe 2 (1) 8 (3) 2 (2) 0
Leading to vaccination discontinuation 0 1 (<1) 0 0
Leading to study discontinuation 0 0 0 0

Any serious TEAEs 0 8 (3) 0 0
Treatment-related 0 0 0 0

Treatment-emergent MAAEs 11 (4) 49 (19) 7 (7) 0
Treatment-related 0 1 (<1) 1 (1) 0

PIMMC 0 1 (<1) 0 0
Treatment-related 0 0 0 0

AESIs relevant to COVID-19 0 1 (<1) 0 0

NVX-CoV2373 = 5 lg SARS-CoV-2 rS + 50 lg Matrix-M adjuvant on day 0, day 21, day 189, and day 357.
AESI, adverse event of special interest; COVID-19, coronavirus disease 2019; MAAE, medically attended adverse event; PIMMC, potentially immune-mediated medical
condition; TEAE, treatment-emergent adverse event.

a Participants in the safety analysis set are counted according to the treatment received to accommodate for treatment errors.

Fig. 3. Immunogenicity of NVX-CoV2373 against ancestral and variant strains of
SARS-CoV-2, by dose (n = 34). (Panel A) Anti-rS IgG levels by dose for the ancestral
(n = 34) and BA.1 (n = 31) and BA.5 (n = 34) variants. Data were not available for the
BA.1 variant for 3 of 34 participants. Dotted line represents approximate correlates
of protection levels as derived for the ancestral strain [22]. (Panel B) Neutralizing
(ID50) antibody titers by dose for the ancestral, BA.1, and BA.4/BA.5 variants (n = 34
for all strains). Dotted line represents approximate correlates of protection titers as
derived for the ancestral strain [22]. CoP, correlate of protection; CI, confidence
interval; GMT, geometric mean titer; ID50, 50 % inhibitory dose; IgG, immunoglob-
ulin; rS, recombinant spike; VE, vaccine efficacy.
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was gathered from an ongoing phase II, randomized, observer-
blinded, placebo-controlled study. With an increasing number of
doses of NVX-CoV2373, there appears to be enhanced cross-
reactive immunogenicity without any notable increases in either
solicited local or systemic reactogenicity or in unsolicited TEAEs.
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The incidence of both unsolicited local and systemic reacto-
genicity leveled off after the fourth dose of NVX-CoV2373 com-
pared with the increases reported after each of the first three
doses. Grade 3+ events remained steady compared with the third
dose, except for erythema, which demonstrated an increase in
the frequency of grade 3+ events out of the total number of events
(15 % after the fourth dose, n = 6). The total incidence of unsolicited
TEAEs remained consistent after each dose, with no reports of
MAAEs, PIMMCs, or SAEs after the fourth dose. Reactogenicity
reported in the present study was similar to that reported for the
fourth dose of either BNT162b2 or mRNA-1273, with pain and fati-
gue the most reported solicited local and systemic reactogenicity
events, respectively [17].

As expected, prior to boosting with a fourth dose at day 357,
anti-SARS-CoV-2 neutralizing antibody titers (50 % inhibitory dose
[ID50]) to the ancestral strain had gradually decreased after the first
booster (third dose) on day 189, from 7992 (1165 IU50/mL) at day
217 to 2036 (297 IU50/mL) at day 357. Notably, the decrease in
neutralizing antibody titers was more gradual than that seen after
the primary series, and titers to the ancestral strain during this per-
iod remained similar to or higher than the titers reported in the
pivotal phase III efficacy studies that were associated with � 90
% efficacy [10,11,18]. After the fourth dose of NVX-CoV2373, neu-
tralizing antibody titers (ID50) to the ancestral strain increased to
4367 (637 IU50/mL) by day 371. While this titer was somewhat
lower than that seen after the third booster dose, antibody titers
were only assessed 14 days after the fourth booster as compared
with 28 days after the third dose, and it is possible that further
increases would have been seen over the next 2 weeks. Consistent
with other approved vaccines [19], lower antibody levels were
noted for the BA.1 and BA.4/5 variants in comparison with the
ancestral strain after the primary series but were markedly
increased after the subsequent booster doses. In addition, as can
be seen from both Fig. 3A and Fig. 3B, the magnitude of difference
between the BA.1 or BA.4/5 variants and the ancestral strain dimin-
ished with each booster dose. The diminishing distance between
ancestral and variant strains was recently demonstrated for this
dataset using antigenic cartography [20].

Based on a recent publication that determined correlates of pro-
tection for the NVX-CoV2373 vaccine based on study data collected
prior to the emergence of the Omicron variant [18], the antibody
titers for the ancestral strain after the first booster remained well
above the level associated with 92.8 % efficacy (neutralizing anti-
body titer of 1000 IU50/mL) for the full 6-months prior to the sec-
ond booster dose administration. If these correlates were to be



Fig. 4. hACE2 inhibition after 4 doses of NVX-CoV2373 (n = 34). Ancestral strain SARS-CoV-2 recombinant spike protein was used as the assay susbtrate. GMFR for various
comparisons are depicted above the bars. CI, confidence interval; GMFR, geometric mean fold rise; LLOQ, lower limit of quantitation.
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applied to the BA.1 and BA.5 Omicron variants, they would suggest
that efficacy of at least 81.7% (pseudoneutralization titer of
100 IU50/mL) might be maintained for these variants during this
same time frame. Although clinical trial data would give the most
accurate assessment of the protective effect of the vaccine against
emerging variants, the rapid evolution of the SARS-CoV-2 virus
requires the reliance on correlative data, which serve as a bench-
mark by which to evaluate immune responses to new variants.

A similar immunogenicity pattern as the neutralization titers
was seen with anti-S IgG levels. The anti-S IgG antibodies were
similar to values reported for mRNA vaccines [19]. After conversion
to similar units, we observed anti-S IgG geometric mean titer levels
of 1896, 9629, and 7258 BAU/ml after doses 2, 3, and 4, respec-
tively. Regev-Yochay et al noted IgG levels after vaccination with
BNT162b2 of 950 BAU/ml 4 weeks after dose 2, 2102 BAU/ml
4 weeks after dose 3, and 2975 BAU/ml 2 weeks after dose 4. A
fourth dose of mRNA-1273 resulted in IgG levels of 3502 BAU/ml
2 weeks after dose 4. These data support the use of NVX-
CoV2373 and other SARS-CoV-2 vaccines as repeat boosters to
restore immunogenicity against SARS-CoV-2.

Our study was subject to certain limitations. As these results
are from an ongoing phase II study conducted with a limited
sample size, the clinical efficacy of the booster dose was not eval-
uated, and assumptions concerning the efficacy of the booster
doses for the ancestral strain and the Omicron variants are based
on the derived correlates for the vaccine. Further, clinical corre-
lates of protection may vary between emerging variants, particu-
larly the immune evasive Omicron variant sublineages. This
study also only evaluated serum antibody components of protec-
tion, and although these components correlate well with protec-
tion against infection [21], other components of immunity (e.g., T
cells and memory B cells) that likely contribute to prevention of
infection and of severe outcomes were not assessed in our study.
Because this study occurred during an ongoing pandemic, a num-
ber of initially randomly assigned participants voluntarily dis-
continued the study between the primary series and the
booster doses to receive already approved vaccines. As such, less
than 50 % of the original study population received the fourth
dose, which could introduce population bias. Future studies
assessing the efficacy of NVX-CoV2373 after booster doses will
be conducted as part of agreed post-marketing commitments
with regulatory authorities (e.g., FDA and European Medicines
Agency).
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5. Conclusions

In conclusion, despite the call for variant-specific vaccines, an
increase in number of vaccine booster doses with NVX-CoV2373
enhances immunogenicity for the ancestral SARS-CoV-2 strain
and its variants without a notable increase in reactogenicity.
Therefore, these data suggest that further boosting with the ances-
tral sequence used in NVX-CoV2373 should retain meaningful util-
ity in preventing variant virus-associated illness.
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